T ranscatheter aortic valve replacement (TAVR)
is a rapidly expanding alternative to surgical replacement for patients with high operative risk. Paravalvular regurgitation (PVR) is, however, an important complication of TAVR that has been shown to be associated with increased mortality for both the balloon-expandable and the self-expanding transcatheter heart valves (THV) (1, 2) . Thus, the accurate measurement of this complication becomes an important means for determining the effectiveness of various corrective interventions (such as post-dilation or valve-in-valve) as well as the effectiveness of various valve iterations or designs. The objective of this article is to review the most upto-date information about the assessment and management of PVR and to propose a new unifying scheme for grading PVR severity, which would bring clarity and uniformity to grading of PVR.
INCIDENCE AND CLINICAL IMPACT OF PVR
INCIDENCE OF PVR. The incidence of moderate or severe PVR following TAVR varies from 0% to 24%
and that of mild PVR from 7% to 70%, depending on the studies (Online Figure 1 , Online Appendix) (1) (2) (3) (4) . These important inconsistencies in reported incidences of PVR are multifactorial and may be due to differences in: 1) the baseline risk profile of the populations; 2) the type of THV and approach used for TAVR; 3) the method of assessment of PVR (cineangiography versus hemodynamics versus cardiac magnetic resonance [CMR] versus echocardiography) (5); 4) the parameters and criteria relied upon to grade PVR; 5) the type of grading (i.e., 3-vs. 4-class) scheme used to classify PVR severity; and 6) the standardization of the assessment of PVR (i.e., site vs. core lab reported) ( Table 1) .
CLINICAL IMPACT OF PVR. In a meta-analysis (4), moderate/severe PVR was associated with a 3-fold increase in 30-day mortality and a 2.3-fold increase in 1-year mortality following TAVR. The studies on the impact of mild PVR on outcomes have yielded conflicting results (1, 4, (6) (7) (8) . In the PARTNER-IA (Placement of AoRTic TraNscathetER Valves) study randomized TAVR arm, the impact of mild PVR on survival was as important as that of moderate/severe PVR (w2-fold increase in the risk of mortality) (1) . In a recent analysis of the PARTNER-IA randomized and nonrandomized continued access cohorts, mild PVR was independently associated with a 1.37-fold increase in all-cause mortality after adjustment for other comorbidities (6) . However, in several large registries, moderate or greater PVR, but not mild PVR, was shown to have a significant impact on survival (2, 7, 8) . Several factors may explain the intriguing association between mild PVR and mortality: 1) the pitfalls in the grading of PVR and the possibility that it may have been underestimated in a substantial number of patients (or that moderate PVR may have been overestimated); and 2) the worse baseline risk profile of patients with mild PVR versus those with none or trace PVR (6, 9) .
Furthermore, even a mild PVR may have a detrimental impact in patients with small, thick, and noncompliant ventricles, such as is often the case in the population with severe aortic stenosis (AS) undergoing TAVR (7, 10) . (11) (12) (13) (14) to report the severity of PVR, whereas other studies have employed the 4-class scheme (Grades 1, 2, 3, 4) often used clinically to grade native or prosthetic aortic regurgitation (AR) ( Table 1) .
Among the studies that have applied this 4-class scheme, there is often ambiguity or even frank differences in Grades 2 and 3; the Grade 2 class is considered as an equivalent to mild AR in some studies, whereas it is considered as moderate in others, and Grade 3 is considered moderate in some studies and moderate to severe in others.
To better understand the possible contribution to differences in grading attributable to the broad categories of mild, moderate, and severe, and to align the grading scheme with the commonly used clinical scheme that uses "between-grade" options, we propose using an expanded grading scheme. When the reader is only offered a grading scheme with 3 broad classes, he or she would have a tendency to select the class in the middle (i.e., the moderate class) if there is a hesitation between 2 classes (mild vs. moderate or moderate vs. severe). We believe that the 5-class scheme will provide more flexibility for the grading of PVR and will therefore have the potential to improve the overall accuracy and reproducibility of PVR grading by echocardiography (15) .
This proposed grading scheme follows clinical practice to divide: 1) mild PVR into 2 separate grades: mild and mild-to-moderate; and 2) moderate PVR into moderate and moderate-to-severe. This results in a 5-class grading scheme. The intent is that the 5 classes of grading would then be easily collapsed and reported with the 3-class scheme recommended by the American Society of Echocardiography (ASE)-European Association of Cardiovascular Imaging guidelines (11, 14) . It is recognized that more grades would initially produce greater variability but if the additional grades are used only as an interim step and then collapsed to the grades used in the guidelines, it may derive the benefits from clinical application and ultimately reduce variability. Furthermore, it also allows unification and clarification of several different grading scales. Table 1 presents the proposed qualitative, semiquantitative, and quantitative parameters of each class of this new grading scheme, as well as the correspondence with other existing schemes (3-class and 4-class). The echocardiographic parameters and criteria used to support this 5-class grading scheme are presented in the next section. Obviously, this new scheme will The aortic regurgitation (AR) index can be used for quantitating AR severity following transcatheter heart valve (THV) deployment; it is calculated as the ratio of the diastolic transvalvular pressure gradient to the systolic blood pressure measured by left heart catheterization. In the patient with moderate paravalvular regurgitation (PVR) (A), the AR index is 16.7, whereas in the patient with trace PVR (B), the index is 30. 
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C Parameters that are most frequently applicable and used to grade PVR severity by echocardiography. B Parameters that are less often applicable due to pitfalls in the feasibility/accuracy of the measurements and/or to the interaction with other factors. Online Videos 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35 , and 36 provide Doppler color images (parasternal short-and long-axis, apical 5-and 3-chamber views) of representative cases for each class (except none and severe PVR) of the unifying 5-class grading scheme proposed in this table. *These parameters are influenced by LV and aortic compliance. In particular, low transvalvular end-diastolic aorta to LV pressure gradient that is due to concomitant moderate/severe LV diastolic dysfunction may lead to false-positive results. The high dependency of aortic flow reversal on aortic compliance considerably limits the utility of this parameter in the elderly population undergoing TAVR. These parameters are also influenced by chronotropy. †Abnormalities of stent position (too low or too high), deployment, and/or circularity. ‡Applies to chronic PVR but is less reliable for periprocedural or early post-procedural assessment. §See Figure 9 for illustrative images. kThese parameters are generally assessed visually. ¶The vena contracta area is measured by planimetry of the vena contracta of the jet(s) on 2D or 3D color Doppler images in the short-axis view ( Figure 8 ). #Regurgitant volume is calculated as the difference of stroke volume measured in the LV outflow tract minus the stroke volume measured in the right ventricular outflow tract (see Figure 10 ). **The effective regurgitant orifice area is calculated by dividing the regurgitant volume by the time-velocity integral of the AR flow by CW Doppler. † †There are important variability in the cutpoint values of regurgitant fraction and volume reported in the published studies to grade AR by cardiac magnetic resonance imaging. Pibarot et al. 
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M A R C H 2 0 1 5 : 3 4 0 -6 0 Consortium 2 guidelines (11, 13, 14) to assess PVR by echocardiography ( Table 1) . However, because of the particular nature of PVR jet(s), several of the semiquantitative or quantitative parameters that are generally used to grade native AR (12) are difficult or impossible to apply to the context of PVR (11, 13, 14) . In the following subsections, we present the parameters proposed in the guidelines, as well as other additional parameters that can be used to support the classification of PVR severity according to the 3-class, 4-class, and proposed 5-class grading schemes ( Table 1) However, these findings have a relatively low should not be used to assess severity, the number of 
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jets and the size of the jet origin may be helpful in determining PVR severity.
With TTE, the 4 main views that should be acquired are the parasternal short-axis, parasternal long-axis, apical 5-chamber, and apical 3-chamber views ( Figures 3 and 4 , Online Videos 1, 2, 3, and 4).
For the short-axis view, it is very important to do an aorta-to-LVOT sweep and acquire images at several levels of the valve stent ( Figure 5) . A lateral-to-medial sweep is also useful in the parasternal long-axis view. To provide a more precise description of the localization of the PVR jets, the face of a clock can be applied to the short-axis view using the tricuspid valve septal leaflet insertion as the 9 o'clock reference ( Figure 3) . The most frequent locations of PVR following TAVR are at the 1 to 2, 5 to 6, and 9 to 11 o'clock positions (19) , which correspond to the commissures of the native aortic valve ( Figure 5) . Indeed, at these locations, the stent, which has a circular shape with limited flexibility, does not conform to the triangular configuration of the commissure (20) .
These PVR jets arising from the native commissures often splay widely when they enter into the LVOT ( Figure 5 ). PVR may also occur at other locations because of malapposition of the stent, which is often related to bulky calcifications. These jets tend to be more restricted and splay less as they enter into the LVOT.
The circumferential extent of the PVR jet(s) estimated in the parasternal short-axis view is the main Inversely, the severity of PVR may be underestimated when a jet does not occupy a large circumferential extent but has a greater radial width ( Figure 6E ).
Recent studies revealed that this parameter correlates poorly with the severity of PVR measured by CMR and the timing and velocity of the diastolic flow reversal in the descending aorta, may also be determined to corroborate PVR severity ( Figure 10 , Table 1 ). However, the accuracy of these parameters is limited in the early post-procedural period because of the acute nature of PVR and the frequent coexistence of moderate-severe diastolic dysfunction. Furthermore, pressure half-time is highly heart-rate dependent.
The flow reversal in the descending aorta and the end-diastolic velocity measured by pulsed-wave Doppler is strongly influenced by aorta compliance, Pibarot et al. Table 1 ). This parameter is, however, subject to significant interobserver and intraobserver mea- In this case, the patient has a PVR jet along the posterolateral aspect of the THV stent that is imaged on simultaneous multiplane imaging (A).
However, the level of imaging is just above the lowest edge of the THV stent. On 3-dimensional (3D) color Doppler (B), the regurgitant jet does not appear as significant. Using multiplanar reconstruction (C), the vena contracta can be imaged and the effective regurgitant orifice area (EROA) measured (D). Abbreviations as in Figure 5 .
FIGURE 9 PVR Jet Features Associated With Regurgitation Severity
This figure shows some of the PVR jet features often associated with moderate or greater PVR: large width of the jet at its origin (white arrow), visible path of the PVR jet along the stent (black arrows), visible proximal flow convergence (yellow arrows) (A and B); abnormal THV stent shape with mal-apposition (yellow arrow) and large vena contracta of the PVR jet (white arrow) in the short-axis views (C and D); multiple jets with large width at the origin in multiple views (white arrows) (E and F). Online Videos 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35 , and 36 present representative color Doppler images of the different classes of PVR severity. Abbreviations as in Figure 5 . To measure RVOT diameter, it is recommended to use both the RV outflow view and the short-axis view (E). Color Doppler may be useful to better delineate the borders of the RVOT. Abbreviations as in Figure 1 .
Pibarot et al. Although CMR consistently shows low variability of measurements, numerous pitfalls also exist (27) . Pibarot et al.
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M A R C H 2 0 1 5 : 3 4 0 -6 0 acoustic shadowing (9, 11) . On the other hand, the inherent pitfalls of CMR may also lead to an overestimation of PVR with this technique. Furthermore and importantly, the cutoff values of CMR regurgitation volume and fraction used to grade AR severity (Table 1) are not well validated and vary substantially from one study to another. Gelfand et al. (29) reported that the CMR regurgitant fractions that optimized the correlation with echocardiographic grades (using an integrative approach) of mild, moderate, moderate-severe, and severe, were: #15%, 16% to 25%, 26% to 48%, and >48%, respectively ( Table 1) 
MANAGEMENT OF PVR
Despite the improvements in THV design, sizing, and positioning, a substantial proportion of the patients undergoing TAVR still present with significant PVR Abbreviations as in Figures 1, 2, 3 , and 10.
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